H ydrocepHalus remains one of the most common pathologies of neurosurgery. Cerebrospinal fluid shunt systems have been the primary surgical option for the treatment of pediatric and adult hydrocephalus since their introduction in the 1950s. Although improvements in surgical technique, advances in shunt technology, and increased surgical experience have contributed to an overall decrease in shunt-related complications, 17, 20, 33, 34, 42 shunt infection remains a serious complication and is associated with reduced intelligence quotient and psycho-motor retardation in children as well as meningitis, endocarditis, and prolonged hospitalization in adults. 37, 47, 48 The incidence of CSF shunt infection generally ranges from 3% to 15%, with the majority of infections occurring within the first 4 months after surgery. 4, [11] [12] [13] 16, [33] [34] [35] Infection is most often secondary to colonization of the shunt device by nonpathogenic skin flora at the time of surgery, with approximately 90% of these infections caused by Staphylococcus species. 21 As early as the mid-1970s, in vitro and in vivo studies demonstrated that antibiotics incorporated OBJect The real-world effectiveness of antibiotic-impregnated shunt catheters to reduce the incidence of shunt infections is still debated. The literature to date consists mostly of small, single-institution studies. The aim of this study was to assess the incidence of infection for antibiotic-impregnated catheters (AICs) versus standard shunt catheters in a large nationwide administrative database. MetHODS The authors retrospectively reviewed hospital discharge and billing records from the Premier Perspective Database from April 2003 to July 2009 to identify all adult and pediatric patients undergoing de novo ventricular shunt placement. The primary end point was the incidence of shunt infection within 1 year of implantation. Multivariate logistical regression was performed to determine factors associated with increased incidence of infection. reSUltS A total of 10,819 adult (AIC, 963; standard catheter, 9856) and 1770 pediatric (AIC, 229; standard catheter, 1541) patients underwent ventricular shunt placement in 287 US hospitals. Overall, the incidence of infection was 3.5% in adults (n = 380) and 6.6% in pediatric patients (n = 116). AICs were associated with significant reduction in infection for both adult (2.2% vs 3.6%, p = 0.02) and pediatric (2.6% vs 7.1%, p < 0.01) patients. AIC use was associated with reduced infection regardless of hospital size, annual shunt volume, hospital location, or patient risk factors and remained associated with a reduced infection in multivariate analysis for both adult (p = 0.02) and pediatric (p = 0.02) patients. cONclUSiONS The use of antibiotic-impregnated shunt catheters was associated with a reduction in shunt infections for both adult and pediatric patients. This provides further support that AICs may represent a reliable means of reducing shunt infections for both adult and pediatric patients.
into silicone rubber catheters can withstand sterilization procedures and provide local antimicrobial activity. 6, 7, 9, 27, 30 Based on this research, antibiotic-impregnated shunt catheters were developed with the goal of reducing the incidence of CSF shunt infections. Antibiotic-impregnated catheters have been demonstrated to decrease colonization of shunt components by staphylocci, 10, 25, 27, 29, 50 allowing for protection against early shunt infections. Since the introduction of antibiotic-impregnated shunt catheters into general clinical practice, there have been multiple clinical studies mostly reporting lower rates of infection with their use. Recent meta-analyses have also demonstrated AICs to be associated with a significant reduction in incidence of CSF shunt infection for both adult and pediatric populations. 36, 49 The varying conclusions of the small, single-institution studies in the literature to date underlines the importance of a large sample size study with multiple hospitals from diverse practice settings to adequately assess the potential benefit of AICs. Hence, we set out to determine the incidence of CSF shunt infection in both adult and pediatric patients undergoing ventricular shunt placement with antibiotic-impregnated versus standard shunt catheters as reported in a large nationwide administrative database.
Methods

Data Source
This was a retrospective longitudinal analysis of hospital discharge and billing records obtained from the Premier Perspective Database, a hospital service database that includes detailed patient-level data from inpatient hospitalizations and hospital outpatient visits. This database includes information from over 600 US hospitals with data pertaining to patient demographics (age, sex, race), hospital characteristics, principal and secondary diagnoses, payer, cost of care, medication utilization, departmental cost and charge detail, length of stay, and physician specialty. 15 Participating hospitals submit data to the Premier Perspective Database on a monthly or quarterly basis. The data then undergo multiple, separate quality assurance and validation checks before being made available for research purposes. All data are de-identified in accordance with the Health Insurance Portability and Accountability Act (HIPAA).
Patient Population
All adult and pediatric patients (excluding neonates) undergoing de novo ventricular shunt placement between April 2003 and July 2009 were included into the analysis of this study. De novo shunt placement was defined as placement of a shunt in a patient who had not undergone any shunting procedure within the prior 2 years. Patients were identified by the ICD-9 (International Classification of Diseases, Ninth Revision) procedure code 02.34 (placement of a ventricular shunt to abdominal cavity and organs). The placement of an AIC was also identified based on hospital charge codes. Patients of the AIC cohort received both ventricular and distal AICs. Patients in the standard catheter cohort received no AICs of any type. The hospitalization for the initial placement of the shunt was defined as the index hospitalization. A patient's readmission can be tracked as long as the patient stays within the same hospital network.
Definition of Shunt Infection
The primary end point of this analysis was post-shunt implantation infection within 1 year of the index shunt placement. Shunt infection was defined as: 1) hospital claim with an infection diagnosis code of 996.63 (infection and inflammatory reaction due to nervous system device, implant, and graft electrodes implanted in brain) following the initial shunt insertion procedure and one or both of the following: a) shunt revision ICD-9 procedure code (02. 2 , and type of catheter used (standard or antibiotic-impregnated). Kaplan-Meier survival curves were estimated to compare infection probabilities for patients treated with standard catheters and those treated with antibiotic-impregnated catheters. All variables describing preoperative patient characteristics and hospital characteristics were included in a backward selection multivariate proportional hazards model. The variable with the largest p value was eliminated, one variable at a time, until only variables with p values ≤ 0.01 remained, creating the final reduced model. The 1% threshold was used in the multivariate proportional hazards model reduction because the traditional cutoff (5%) is not useful when reducing large (> 50) sample sizes. 38 For univariate analysis, p values < 0.05 were considered significant. Analyses were conducted separately for the adult and pediatric populations (age 17 years and younger). The pediatric population had no age variable since it was unavailable for children under age 15 years due to HIPAA compliance.
All analyses were performed using SAS v9.3 (SAS Institute, Inc). Summary data were presented as means ± standard deviations for parametric data. Percentages were compared via the chi-square test for intergroup comparison, and the Student t-test was used for parametric data, unless there was an indication that the variances were unequal (using the folded F-test), whereupon the Satterthwaite t-test was used instead.
results treatment Population
A total of 12,589 consecutive adult and pediatric pa- Table 1 .
Shunt infections
In the adult population, a total of 380 patients (3.5%) experienced a shunt infection within 1 year of the index shunt placement. The overall mean time to shunt infection for adults was 10.4 ± 11.7 weeks. The use of AICs was associated with a reduced incidence of shunt infection ( Fig. 1 ). Twenty-one (2.2%) of the patients with AICs versus 359 (3.6%) of the patients with standard catheters experienced a shunt infection (p = 0.02). There was no significant difference in time to shunt infection between the AIC and standard catheter cohorts (13.2 ± 14.4 vs 10.2 ± 11.6 weeks, p = 0.26).
In the pediatric population, a total of 116 (6.6%) patients experienced a shunt infection within 1 year of the index shunt placement. The overall mean time to shunt infection for pediatric patients was 11.7 ± 13.6 weeks. The use of AICs was associated with a reduced incidence of shunt infection (Fig. 2) . Six (2.6%) of the patients in the AIC cohort versus 110 (7.1%) of the patients in the standard catheter cohort experienced a shunt infection (p < 0.01). There was no significant difference in time to shunt infection between the AIC and standard catheter cohorts (16.9 ± 17.3 vs 11.4 ± 13.4 days, p = 0.34).
In stepwise multivariate analysis, variables that remained significantly associated with likelihood of shunt infection in the adult population were increased age (HR 0.983, p < 0.0001) and increased number of diagnoses (HR 1.024, p < 0.0001). Use of an AIC (HR 0.601, p = 0.023) was not below the 1% p-value threshold but approached this significance level. Medicaid payer status (HR 1.895, p = 0.002) was the only variable that remained significantly associated with likelihood of shunt infection in the pediatric population; however, use of an AIC (HR 0.371, p = 0.018) was not below the 1% p-value threshold but approached this significance level ( Table 2 ).
Discussion
In the analysis of this large nationwide database encompassing 287 hospitals and 12,589 consecutive patients undergoing placement of a ventricular shunt, antibioticimpregnated catheters (AICs) were associated with a reduced incidence of shunt infection for both adult and pediatric patient populations. The use of AICs was associated with 1.4% (p = 0.02) and 4.5% (p < 0.01) infection reduction in adult and pediatric populations, respectively. This infection reduction remained statistically significant in multivariate analyses. The mean time to shunt infection was 10.4 ± 11.7 and 11.7 ± 13.6 weeks in the adult and pediatric populations, respectively. These findings are based on the largest and most diverse patient population studied to date in the area of ventricular shunt systems, supporting findings from previous studies with smaller patient populations from single institutions. 2, 20, 22, 28, 37, 44 The findings of the current study are consistent with previous systematic reviews and meta-analyses of the literature, each of which found antibiotic-impregnated shunt catheters to be associated with a reduced incidence of CSF infection. 36, 49 The systematic literature review by Parker et al. demonstrated AICs to be associated with a significant infection reduction overall (3.3% vs 7.2%), in adultspecific cohorts (0.9% vs 5.8%), and in pediatric-specific cohorts (5.0% vs 11.2%). 36 Similarly, the meta-analysis performed by Thomas et al. concluded that AICs may be an effective means of reducing the incidence of shunt and external ventricular drain infections. 49 Ventricular shunts provide a reliable means of treatment for hydrocephalus in both adult and pediatric patients; however, shunt infection remains a relatively common complication, occurring in 5%-10% of patients. 36, 49 This represents a 3-to 5-fold increase in infection rate compared with other neurosurgical procedures. 24 Most often, infection results from colonization of the shunt system by normally nonpathogenic skin flora at the time of surgery. Properties of the foreign body itself may contribute to this increased risk of infection, and most infections are clinically apparent within the first 6 months following surgery. Previous studies have attempted to identify risk factors associated with CSF shunt infection. Accepted independent risk factors include but are not limited to prematurity, age, etiology of hydrocephalus, and previous shunt failure. 3, 17, 19, 31, 32, 41, 43, 45 Despite significant improvement in surgical technique, perioperative antibiotic therapy, adherence to sterilization techniques, and appreciation of the aforementioned risk factors, low infection rates are not consistently achieved. 17 Antibiotic-impregnated shunt catheters have previously been demonstrated to specifically reduce the incidence of infection in patients at highest risk for infection. 37 The silicon matrix of antibiotic-impregnated shunt catheters is impregnated with rifampicin (0.54%) and clindamycin (0.15%) to target gram-positive bacteria, especially Staphylococcus species, which have been shown to cause approximately two-thirds of all shunt infections. 14, 24 These pathogens produce a glycoprotein biofilm that facilitates adherence to the catheter surface and impedes the normal immunological response. 26, 40 Antibiotic-impregnated shunt catheters were developed with the intent to prevent this type of colonization by Staphylococcus species on the catheter surface. 8, 29, 30 While the dual drug formulation (rifampicin and clindamycin) was designed to reduce the occurrence of resistant mutations, some concerns have been raised that AICs may select for resistant and more virulent microorganisms. However, a previous study has demonstrated a comparable incidence of oxacillin-resistant Staphylococcus aureus between AIC and standard catheter cohorts. 37 Furthermore, a previous systematic review of the literature evaluating infection in AIC versus standard catheter cohorts demonstrated a similar overall incidence of causative gram-negative infectious organisms in each cohort, further demonstrating that AICs likely do not predispose to infections by pathogens not covered by the locally released antibiotics. 36 Furthermore, long-term implantation of AICs has not been shown to be associated with additional risk of seizures or drug resistance, as is seen with the long-term use of systemic antibiotics. 1, 46 Analyses of large administrative databases such as this one can provide valuable information but have inherent limitations with regard to determination of causality. As with all retrospective analyses, it was not possible to completely control for all patient and surgeon characteristics that may affect the selection of treatment or the risk of infection. It is possible that confounders not measured may have resulted in a bias of the data, and this should be kept in mind when interpreting our results. The observational design and potential unobserved confounders provide a weaker framework for causal inference of exposure-disease associations than randomized controlled studies. In a study of this size, small differences can still be statistically significant due to the overpowered nature of the study. Nonetheless, we believe that the 1.4% (p = 0.023) and 4.5% (p = 0.018) infection reduction and associated p values in multivariate analysis for the adult and pediatric populations, respectively, represent both statistically and clinically significant differences.
Other limitations specific to administrative claims databases result from the fact that data are not specifically collected for research purposes. As a result, diagnostic information and resource use can be missing or incorrectly entered, each of which limits the inferences that can be made from the data. In the current study, patients could be accurately tracked longitudinally only if they received care at a hospital within the network of the Premier Perspective Database. Thus it is possible that some infections may not have been accounted for in this analysis. Additionally, our definition of infection, which included overlying criteria, was specifically chosen to reduce the incidence of falsepositive infections; nevertheless, it remains possible that a small minority of the infections counted in this study may not be true infections.
While the types of missing data or coding errors discussed above are certainly possible, the number of errors would likely be small and distributed in equal proportions to the two treatment groups of interest (AICs vs standard catheters). As such, these errors would be expected to impact the two treatment groups equally and have minimal effect on their comparative differences.
By combining a consecutive series of adult and pediatric patients from multiple institutions, practice settings, and patient populations, the current study provides the most comprehensive assessment of antibiotic-impregnated versus standard shunt catheters to date. Independent of all other patient and hospital variables, the use of AICs was associated with a significant reduction in shunt infection for both adult and pediatric patients undergoing de novo ventricular shunt placement. These findings add to the growing evidence that AICs may decrease the incidence of shunt infection in the treatment of both adult and pediatric hydrocephalus. Furthermore, it has been previously demonstrated that shunt infections are associated with a significant financial impact, as the average hospital cost for the treatment of a shunt infection is approximately $50,000, representing the most costly implant-related infection in the US. 5, 18, 23, 39 While not the primary objective of the current study, the significant reduction in infection incidence associated with AICs could dramatically reduce the health care costs associated with catheter-related CSF infections.
conclusions
The use of antibiotic-impregnated shunt catheters was associated with a reduction in shunt infections for both adult and pediatric patients. This provides further support that AICs may represent a reliable means of reducing shunt infections for both adult and pediatric patients.
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